Background: Early recognition of anthracycline-induced cardiomyopathy may reduce morbidity and mortality in children, but risk stratification tools are lacking. This study evaluates whether electrocardiogram (ECG) changes precede echocardiographic abnormalities in children with anthracycline-induced cardiomyopathy. Methods: We performed a retrospective analysis of 589 pediatric cancer patients who received anthracyclines at a tertiary referral center. ECG endpoints were sum of absolute QRS amplitudes in the 6 limb leads (ΣQRS(6 L)) and corrected QT interval (QTc). Cardiomyopathy was defined by echocardiogram as ejection fraction < 50%, shortening fraction < 26%, or left ventricular end-diastolic diameter z-score > 2.5. Results: Median age at start of therapy was 7.8 years (IQR 3.7-13.6); median follow-up time was 3.6 years (IQR 1.1-5.8).
Background
Anthracyclines are an important component of chemotherapy in pediatrics; however, they carry cardiotoxic risk [1] . Prevention or early recognition of anthracyclineinduced cardiomyopathy is important in children to reduce long-term morbidity and mortality. Anthracyclineinduced cardiomyopathy can develop acutely (within the first week of drug exposure), early (within one year of drug exposure) or late (greater than one year after drug exposure). Early toxicity may be reversed with discontinuation of the drug, which makes timely recognition of cardiomyopathy especially crucial. Previously studied risk factors for anthracycline-induced cardiomyopathy include cumulative dose of anthracyclines received, rate of exposure, concomitant exposure to cranial or mediastinal radiation, female sex, age at drug exposure, black race, and genetic predisposition [1] [2] [3] [4] [5] [6] .
Although there are long-term cardiotoxicity screening guidelines for survivors of childhood, adolescent and young adult cancers developed by The Children's Oncology Group (COG), there continues to be debate on the diagnostic modalities to use and frequency of monitoring. Additionally, there are no current guidelines on the timing or type of cardiac testing outside of echocardiograms that should be done for children during anthracycline treatment and in the acute and early exposure period [1] [2] [3] 7] . Myocardial damage may occur before echocardiographic changes, making it important to investigate potential predictive testing. Electrocardiograms (ECGs) are a core diagnostic testing modality in cardiac care and expert interpretation is readily available. Additionally, ECGs are inexpensive and technically straightforward to obtain. Preliminary studies have evaluated ECG changes after anthracycline exposure; however, these changes have not been extensively studied in larger or primarily pediatric cohorts [1, [8] [9] [10] [11] .
This study aims to evaluate ECG findings in children at a tertiary care institution who have received anthracycline therapy and determine if ECG changes precede echocardiographic findings of cardiomyopathy. This may help answer whether ECGs can serve as a non-invasive tool to screen for cardiomyopathy during and after anthracycline therapy.
Methods

Characteristics of participants and inclusion/exclusion criteria
This was a retrospective cohort study at a tertiary care pediatric referral center using electronic medical records and the institution's oncology pharmacy database. Institutional review board approval was obtained in this HIPAA-compliant study. Informed consent was not required. All pediatric patients from 2006 to 2014 who received anthracyclines as part of their chemotherapy regimen were included in the study population. Echocardiograms were typically obtained by the patient's oncology team based on COG guidelines unless additional testing was deemed necessary based on the patient's clinical status. Other cardiac testing was obtained by the patient's care team based on clinical judgement, so patients did not undergo a pre-specified ECG protocol. Patients without an ECG or echocardiogram were excluded from analysis.
ECG evaluation
All ECGs were recorded and analyzed on a digital system (MUSE SP2 v8.0, General Electric Corporation). ECGs were digitized at 500 Hz, and measurements were verified manually by a single investigator (LD) blinded to knowledge of the echocardiographic findings. Two ECG endpoints were pre-specified: the sum of absolute QRS amplitudes in the 6 limb leads (ΣQRS(6 L)) and the corrected QT (QTc) interval. These endpoints were chosen based on preliminary data from previously published work [8, 9, 11] . Amplitudes were measured in millivolts (mV) from peak to trough of the QRS. The QTc was measured in milliseconds (ms) using Bazett's formula and standard T-wave tangent methodology [12] .
Echocardiogram evaluation
Due to lack of clear consensus on echocardiographic parameters for definition of cardiomyopathy, cardiomyopathy was defined based on clinically actionable thresholds both at our institution and in the literature [7, [13] [14] [15] [16] [17] . Patients met criteria for cardiomyopathy by either having systolic dysfunction or a dilated left ventricle. Systolic dysfunction was defined by either an ejection fraction (EF) less than 50% or a shortening fraction (SF) less than 26%. A dilated left ventricle was defined by a left ventricular end diastolic dimension (LVEDD) zscore greater than 2.5. EF of < 50% was chosen as this value necessitates echocardiographic reassessment, consideration of chemotherapy change, and possible heart failure treatment [16] . SF of < 26% was based on its correlation to an EF of approximately 50% with m-mode extrapolation and the pediatric oncology standards for change in anthracycline therapy at our institution. LVEDD z-score > 2.5 was included in our analysis since dilated cardiomyopathy can also occur secondary to anthracycline therapy and may require intervention and/ or treatment modification [18] .
Statistical analysis
Patient characteristics were summarized using descriptive statistics including mean, standard deviations, median values and interquartile ranges as appropriate. Categorical variables were summarized using counts and percentages. Comparisons between groups by cardiomyopathy status were based on either two-sample t-tests or Wilcoxon's rank sum test (for continuous variables) and the Chi-square or Fisher's exact test (for categorical variables). A two-sided p-value < 0.05 was considered statistically significant, and no adjustments for multiplicity were made.
Cox regression models with time-dependent covariates explored associations between ECG measures and time from first ECG to development of cardiomyopathy. Subjects were included if they had at least one ECG prior to the echocardiogram identifying cardiomyopathy, and for censored subjects at least one ECG prior to the last negative echocardiogram. A 0.6 mV change in ΣQRS(6 L) was chosen as the initial unit for evaluation because each vertical box represents 0.1 mV on a standard ECG, and an average amplitude change of less than 1 box per lead is difficult to measure in clinical practice. A 10 ms change in QTc interval was chosen as the initial unit for evaluation because it is typically the minimum clinically relevant interval.
Receiver operating characteristic curves of QTc and ΣQRS (6 L) values on the ECGs prior to the echocardiograms showing cardiomyopathy were created to determine Youden's cutoff for each measure -the point where sensitivity and specificity of the measure is maximized. This cutoff was determined to be 440 ms for the QTc (PPV = 0.273, NPV 0.857) and 3.2 mV (PPV = 0.268, NPV 0.849) for the ΣQRS (6 L). These cutoffs were then used for Kaplan-Meier estimates to demonstrate the probability of developing cardiomyopathy in patients stratified by QTc intervals > 440 ms and < 440 ms and ΣQRS (6 L) ≤ 3.2 mV and > 3.2 mV (on ECGs prior to development of cardiomyopathy or last negative echocardiogram) both from the time of ECG and from the time of therapy completion.
Differences in ΣQRS(6 L) and QTc interval between ECGs before and after anthracycline therapy were compared for the subset of patients with available data. Multiple linear regression models were used to assess the effect of anthracycline dose and cardiotoxic radiation on post-therapy ECG measures adjusting for potential confounders including sex, age at first dose, body surface area (BSA), race (white, black, Hispanic, other), time between pre-and post-therapy ECGs, and pre-therapy ECG measurements. Cardiotoxic radiation was calculated as the total radiation dose a patient received to body fields that are reported to increase the risk of cardiotoxicity by COG [12] . Lastly, changes in ECG measures by cardiomyopathy status were compared using independent two-sample t-tests. In this analysis, posttreatment ECG was defined as the closest ECG on or after development of cardiomyopathy or the closest ECG on or after the last available echocardiogram in patients without cardiomyopathy. Patients were excluded if they did not have an ECG meeting this post-treatment definition or if their first ECG was after development of cardiomyopathy.
Results
Overall cohort
There were 691 eligible pediatric patients in the study period, of which 102 patients were removed because an ECG was not available. The flow diagram in Fig. 1 provides details on the number of patients included for each analysis.
Patient characteristics and predictors of cardiomyopathy
The median age at the start of anthracycline therapy was 7.8 years (IQR 3.7-13.6). The median follow-up time after completion of anthracycline therapy to last ECG or echocardiogram was 3.6 years (IQR 1.1-5.8). There were 115 patients (19.5%) who met criteria for cardiomyopathy. Male sex, race, older age at first dose, larger BSA and total anthracycline dose were associated with development of cardiomyopathy (Table 1) . Cardiomyopathy was associated with increased mortality (34% versus 12%, p < 0.001).
Patients Meeting Inclusion
Criteria (n=691) More patients met criteria for cardiomyopathy based on systolic dysfunction parameters versus left ventricular dilation (79% versus 19%) with 2% meeting criteria for both. The median time to development of cardiomyopathy after initiation of anthracycline therapy was 0.1 years (0-0.7). A majority of patients developed cardiomyopathy in the acute/early period of ≤ 1 year after start of therapy (N = 87/115, 76%). Among the 87 patients who developed cardiomyopathy in the acute/early period, 25 patients developed cardiomyopathy before the last dose of anthracycline was administered.
Sub-group analysis: ECG measures as predictors of cardiomyopathy (n = 480/589)
The median number of ECGs prior to the echocardiogram identifying cardiomyopathy or the last negative echocardiogram was 2 with a range of 1 to 50 ECGs. This median value was consistent between both cohorts with and without cardiomyopathy. Cox models with time-dependent ECG predictors identified a hazard ratio of 1.174 (17% increased risk of developing cardiomyopathy, p = 0.003) for a 0.6 mv decrease in ΣQRS(6 L) and a hazard ratio of 1.098 (10% increased risk of developing cardiomyopathy, p = 0.006) for a 10 ms increase in QTc interval ( Table 2 ). The forest plots in Fig. 2 show the hazard ratios with 95% confidence intervals for additional ΣQRS(6 L) and QTc values. The hazard ratio increases as the ΣQRS(6 L) decreases and as the QTc interval increases.
The median time from the most recent ECG prior to the first indication of cardiomyopathy was 86 days (IQR 8-209), and the median time from the first available ECG to next echocardiogram was 91 days (IQR 19-336) . The median time from the start of treatment to the first Figure 3 shows the time to development of cardiomyopathy stratified by ECG cutoffs as determined by Youden's index. The probability that a patient develops cardiomyopathy over time is higher for patients who have an ECG with QTc ≥ 440 ms or ΣQRS (6 L) ≤ 3.2 mV both from the time of ECG and from the time of therapy completion.
Sub-group analysis: effect of therapy on ECG parameters (n = 248/589)
In this sub-group, an unadjusted analysis evaluating all patients with an ECG before and after anthracycline therapy showed a 0.2 mV median decrease in ΣQRS(6 L) (p = 0.01) and a 4 ms average increase in QTc interval (p = 0.02) after completion of therapy (Table 3 ). In linear regression models only adjusting for pre-therapy ECG measures, an increase in total anthracycline dose was associated with a decrease in ΣQRS(6 L) and an increase in QTc interval (p < 0.001 for both). Multiple linear regression models adjusting for additional confounders including sex, age at first dose, BSA, race, and time between pre-and post-therapy ECG measures showed the total anthracycline dose remained a modest but statistically significant predictor for a decrease in ΣQRS(6 L) and an increase in QTc interval (Table 4) . Cardiotoxic radiation was delivered as adjunct therapy in 194/589 or 33% of patients. Total dose of radiation was not associated with changes in post-therapy ΣQRS(6 L) or the QTc interval. This was true in both simple and multiple linear regression models and was also true when radiation was stratified as a binary variable of radiation exposure versus no radiation exposure.
Sub-group analysis: effect of therapy on ECG parameters based on cardiomyopathy status (n = 143/589) There were 62 patients (25%) in this sub-group who met criteria for cardiomyopathy with 11 patients developing cardiomyopathy before completing therapy. When comparing the change in ECG parameters before and after anthracycline therapy in the cardiomyopathy versus no cardiomyopathy group, there was a greater decrease in ΣQRS(6 L) in the cardiomyopathy group (Table 5) . Although there was no statistically significant difference in the QTc interval change between these groups, the data trended in the expected direction with a greater increase on average in patients who developed cardiomyopathy (Table 5 ).
Discussion
Our study demonstrates that clinically measurable ECG changes, specifically a decrease in ΣQRS(6 L) and prolongation of the QTc interval, are associated with an increased risk of developing anthracycline-induced cardiomyopathy. As survival rates have improved in pediatric oncology, focus has shifted on reducing associated morbidities like cardiotoxicity to ensure long-term quality of life [19] . Reduction, recognition and treatment of these morbidities via personalized cancer therapy requires consideration of baseline patient factors, identification of risk stratification tools during and after therapy, and clear definitions of the adverse outcome. Figure 4 shows a representation of this process for pediatric anthracycline-induced cardiomyopathy. Supported by our study and prior literature, multiple baseline biologic (sex, gender, age, race, BSA, genetics) and environmental (anthracycline dose, radiation) factors can contribute to a patient's risk of developing cardiomyopathy [1] [2] [3] [4] [5] [6] . Cardiomyopathy is typically recognized via echocardiographic and/or clinical manifestations. Our study focuses on the period of surveillance after treatment is initiated to identify a potential screening tool for the cardiomyopathy endpoint. Based on our findings, ECGs are an inexpensive and readily available tool that may aid in evaluation of individual patient risk during and after therapy. ECGs should be considered as part of comprehensive cardio-oncology surveillance, but a specific protocol for screening cannot be established without prospective study design.
Existing literature has attempted to show a relationship between ECG measures after anthracycline therapy and echocardiographic findings. An initial study analyzed ECGs for pediatric patients treated A B Fig. 2 Forest plots show hazard ratios with 95% confidence intervals of the risk of developing cardiomyopathy after anthracycline therapy for a range of ΣQRS(6 L) and QTc measures. a: The hazard ratio increases as the ΣQRS(6 L) decreases. b: The hazard ratio increases as the QTc interval increases with Adriamycin at specified intervals after completion of chemotherapy: 2 months, 1 year, and 3 years [20] . Although a higher rate of ventricular dysfunction was observed in patients with a prolonged QTc, the difference was not statistically significant. This is likely due to an underpowered study number with only 43 patients at 3 years of follow-up. A small adult study with 26 patients did show an increase in QTc interval and decrease in QRS voltages after anthracycline treatment and suggested an association to LV dysfunction on echocardiogram; however, this study was also underpowered and had short followup times [9] .
A more recent analysis by Markman et al. attempted a similar approach to our study to determine if an ECG finding, specifically the QTc interval, precedes development of left ventricular dysfunction defined by shortening fraction [8] . A Kaplan-Meier estimate showed a higher cumulative rate of left ventricular dysfunction in patients who had a maximum QTc > 450 ms at any point 3 Kaplan-Meier estimates show the probability for patients to remain "cardiomyopathy-free" over time. There is a lower chance of cardiomyopathy-free survival for QTc ≥ 440 ms ("high") and ΣQRS(6 L) ≤ 3.2 mV ("low") over time. Time "zero" for column a (n=480) is the electrocardiogram (ECG) preceding echocardiographic evidence of cardiomyopathy and for column b (n=303) is the last anthracycline treatment dose. The patients in column b are the subset from column a who had completed chemotherapy at the time of ECG analysis during the study period, including after the development of cardiomyopathy. The definition of left ventricular dysfunction was unclear in this second analysis. Although this study had more patients than prior studies, authors suggested they had limited numbers for sufficient power, and their study population only involved patients > 18 years of age. Our study expands on the concept presented by prior literature by analyzing a larger patient cohort, including a more consistent and comprehensive definition of cardiomyopathy, evaluating an additional ECG parameter of ΣQRS (6 L), determining cutoffs for QTc and ΣQRS (6 L) using a receiver operating characteristic curve, and using only ECG values that precede development of cardiomyopathy for analysis. Additionally, we show how changes to ECG measures over time affect the risk of developing cardiomyopathy.
Anthracycline therapy has been shown to prolong the QTc interval in prior small studies in adult survivors of either pediatric or adult malignancies [8, 9, 11] . A slightly larger pediatric study with 100 patients also showed QTc prolongation after anthracycline therapy [10] . Decreases in QRS voltages have been associated with left ventricular dysfunction on echocardiogram both after anthracycline use and in patients with heart failure due to other causes [9, 21] . While the total anthracycline dose was shown to decrease the ΣQRS(6 L) and prolong the QTc interval in our study, the data suggest the magnitude of ECG changes due to development of cardiomyopathy were larger than changes due to anthracycline exposure alone. In addition, cardiotoxic radiation therapy did not alter the ΣQRS(6 L) or QTc interval, suggesting the ECG changes in patients exposed to anthracyclines should not be dismissed as secondary to therapeutic radiation exposure. A prospective long-term study should be considered to reproduce our results using a systematic approach, and we established ΣQRS(6 L) and QTc as two appropriate outcome measures for evaluation.
A large percentage of patients in this study met echocardiographic criteria for cardiomyopathy in the acute/ early period (76%, n = 87) with some patients even developing toxicity before the last dose of an anthracycline was given (n = 25/87). The patients who developed cardiomyopathy before their last dose of anthracyclines may have the most potential to benefit from ECG-based risk stratification, since heart failure therapy could be initiated and treatment protocols modified before echocardiographic changes are noted [22] . As development of cardiomyopathy was associated with mortality, this further supports early incorporation of ECG surveillance.
There are limitations to this study, particularly due to its retrospective nature. Each patient's clinical team determined when to obtain ECGs since a specific guideline is not currently available. This could potentially create bias in the study as patients with clinical concern many have more data points for analysis and could have extrinsic causes for ECG findings related to their complex oncologic care (i.e. electrolyte disturbance). This was somewhat mitigated by our inclusion of both patients with and without cardiomyopathy in the Cox and Kaplan-Meier analyses with a consistent median number of ECGs for patients with and without development of cardiomyopathy. Additionally, dichotomization of the primary predictor variable (presence or absence of cardiomyopathy) can be a subjective process, especially when performed using only echocardiographic means without clinical correlation. There is suggestion in small ECGs may identify these patients before echocardiographic and clinical changes. *Genetics was not evaluated in this study. †Cardiotoxic radiation has been previously described as a risk factor but did not have a statistical association with cardiomyopathy in this study pediatric studies that diastolic dysfunction can occur as part of anthracycline related cardiotoxicity even at lower anthracycline doses [23, 24] . Diastolic dysfunction was not studied as an outcome variable in this study due to inconsistent availability of diastolic interpretation. Modern imaging modalities and techniques such as 3D echocardiography, strain and magnetic resonance imaging may be useful to detect early cardiotoxicity in these patients; however this data was also not consistently available for our review during the available study period. Finally, our study had variable follow-up periods for each patient and could not assess all lateonset cardiomyopathy patients. This may affect interpretation of the predictors/risk factors of cardiotoxicity. For example, female sex has been shown in prior literature to be a predictor for late development of cardiomyopathy [4] . In our study, male sex was associated with the development of cardiomyopathy, possibly due to the shorter available follow-up period and the cohort being restricted to pediatrics. Additionally, prior literature has shown younger age at diagnosis to be a predictor for development of cardiomyopathy [1] . Although our study contradicts the prior literature and finds that older age at diagnosis increases the risk of cardiomyopathy, this may again be due to the tighter age range of our study population and limited available follow-up time.
Conclusion
A decrease in ΣQRS(6 L) or prolongation of the QTc interval increases the risk of developing cardiomyopathy in pediatric patients receiving anthracycline therapy. Higher total anthracycline doses were associated with decreases in the ΣQRS(6 L) and prolongation of the QTc interval. The decrease in ΣQRS(6 L) after therapy was greater in patients who developed cardiomyopathy. Cardiotoxic radiation was not associated with changes in the ECG parameters measured. ECGs are a potential noninvasive, inexpensive tool for prediction of anthracyclineinduced cardiomyopathy and require prospective validation. Incorporation of ECG evaluation in cardio-oncology monitoring regimens in pediatric patients should be carefully considered. 
